Abstract: Water saturation of wood impedes the availability of oxygen necessary for wood decay. Storage of logs under water sprinkling is therefore used as an economic method in forestry. However, sapwood decay caused by Armillaria spp. was found in logs under water sprinkling, even at a wood moisture content of more than 150% (dry weight basis). Decay was associated with the formation of tubular air channels discernible as bright streaks extending from the cambial region into the sapwood. Their light colour results from different refraction of light in gas-filled versus water-filled wood structures. To examine the structure of the tubular air spaces in greater detail, we sampled wood of Norway spruce (Picea abies (L.) Karst. and silver fir (Abies alba (Mill.)). Radial, transverse, as well as tangential sections of affected timber were examined, and a structural model of tubular air channels is presented. These structures are formed around wood rays by a tubular sheath of pseudoparenchymatous mycelium, which in its cellular structure is reminiscent of pseudosclerotial plates. This structure allows the efficiently located extrusion of water from watersaturated wood. The power necessary for this process is suggested to be the generation of gaseous CO 2 . Since the air channels are in contact with the external surface, they evidently act as a conduit allowing oxygen to enter and penetrate to a depth of several centimetres. By this unique arrangement of the tubular air channels, Armillaria spp. appear able to metabolize wood cells in an aerobic microenvironment within water-saturated wood. This results in wood decay leading to significant economic loss in stored timber despite the application of regular sprinkling.
Introduction
Water sprinkling of timber has proved to be an economic strategy for the preservation of stored logs (Moltesen 1971; Peek and Liese 1974; Webber and Gibbs 1996) . Following the gales "Vivian" and "Wiebke" in Germany in 1990, 15 × 10 6 m 3 of timber were stored under water sprinkling (Schmidt 1994) to prevent overflow in the timber market. After the gale "Lothar" in December 1999 approximately 4 × 10 6 m 3 of timber were stored in more than 100 wet storage facilities in the land of Baden-Wuerttemberg.
The aim of water sprinkling is to exclude oxygen from the water-saturated wood to prevent degradation by decay and sapstain fungi as well as by tunnelling insects (Liese and Karstedt 1971) . The most important timber species stored under water sprinkling in southern Germany are Norway spruce (Picea abies (L.) Karst. and silver fir (Abies alba Mill.). Anaerobic conditions were found to be a prerequisite for prevention of wood decay in stored logs (Metzler et al. 1993; Maier and Metzler 1998) . Insufficient water sprinkling leading to partial desiccation results in the rotting of wood by decay fungi such as Stereum sanguinolentum (Alb. & Schwein.:Fr.) Fr., Gloeophyllum sepiarium Fr.:Fr, or Heterobasidion annosum (Fr.) Bref. sensu lato (Schumacher and Grosser 1995; Gibbs et al. 1996) .
In contrast with other decay fungi, however, Armillaria spp. pose a risk of slow decay in logs of Norway spruce and silver fir even in regularly water-sprinkled piles. In particular, logs with attached bark are susceptible to Armillaria attack, their cambial layer giving rise to extensive fungal proliferation throughout the log pile (Groß and Metzler 1995) . Losses may be economically tolerable in the first 2 years of storage, but patches of decay form successively in the outer sapwood. This may result in a loss of timber volume of 5.1% on average after 4 years, according to an investigation of 27 000 m 3 from 17 log storage facilities (Groß and Metzler 1995) . Unlike in facilities with insufficient sprinkling, no significant damage by other fungi or insects was observed in the survey of Groß and Metzler (1995) .
Examination of wood with incipient decay associated with Armillaria rhizomorphs in wet-stored logs has revealed the presence of tubular air channels within the water-soaked wood (Metzler 1994) . Investigations on the significance of these gas-filled channels are described in this paper. Their morphological structure was examined to understand their function as a possible explanation for the ability of Armillaria spp. to decay water-saturated wood.
Materials and methods
This study was undertaken in wet storage facilities established and managed by the State Forest Service of BadenWuerttemberg following the gales "Vivian" and "Wiebke" in February 1990 and "Lothar" in December 1999. The wet storage facilities consisted of log piles of silver fir and Norway spruce sprinkled continuously with water to an equivalent rate exceeding 40 mm/d. The wood moisture content in the sapwood averaged ca. 150% and more (dry weight basis; Groß and Metzler 1995; Schumacher and Grosser 1995) .
Logs for sampling were selected from 20 piles after 2 years of storage with sufficient water sprinkling. Wood samples for anatomical and microbiological investigations were taken from logs showing symptoms of incipient Armillaria decay accompanied by characteristic rhizomorphs or mycelial fans beneath the bark (Groß et al. 1996) . This superficial decay on the cambial surface is disclosed after removing the bark and appears typically mottled with bright dots (air-filled space within the water-saturated wood as shown in Fig. 5) . After 2 or 3 years of storage, these symptoms can be found throughout a pile and especially in its central parts. Early stages of wood decay could be found in the advancing zone of the white mycelial fans. Areas of progressive decay were often marked by pseudosclerotial plates, visible as black lines (Metzler 1994) .
Numerous isolations were attempted from affected wood according to the method described in Metzler (1997) . There were no other basidiomycetous isolates obtained than Armillaria spp. Eight of the Armillaria isolates obtained are kept in the culture collection of the Forest Research Institute of Baden-Wuerttemberg. Species of Armillaria were identified by means of diploid-haploid pairing (Korhonen 1978; Guillaumin et al. 1996) with standard reference cultures kindly provided by J.J. Guillaumin.
From each pile, approximately five wood block samples (ca. 1 cm 3 ), including the cambial surface, were taken for laboratory examination. The appearance of the affected wood was recorded after cutting log segments along the transverse, radial, and tangential planes. Freehand tangential and radial longitudinal sections were cut with a razor blade, and 4-µm-thick transverse sections were prepared using a sledge microtome.
Approximately 10 sections per wood sample were examined using compound microscopes equipped with bright field as well as Nomarski differential interference contrast illumination. Nature and structure of wood anatomy and the arrangement of fungal structures were analyzed and recorded by means of photomicrographs. Results were used to construct a three-dimensional diagram of a representative tubular air channel.
Results
Fungal isolates obtained from affected water-sprinkled timber in log storage facilities were identified as Armillaria cepistipes Velenovsky (from Baden-Wuerttemberg, leg. B. Metzler, det. U. Heiniger and D. Rigling) and Armillaria ostoyae (Romagnesi) Henrik in Hasek (from BadenWuerttemberg, leg. et det. B. Metzler). The appearance of decay was not distinguishable between the two Armillaria species; nor did it differ from the one isolated from a Norway spruce log sample from Bavaria, which was identified as Armillaria borealis Marxmüller and Korhonen (leg. P. Schumacher, det. B. Metzler) . Colonization by other fungi or insects was not observed after regular sprinkling.
Examination of the fresh, water-saturated wood block samples revealed the presence of linear, radially orientated light-coloured streaks running through the sapwood right to the cambium (Figs. 1 and 3 ). The oval crosscut view of these streaks is visible from the cambial surface or after splitting the wood tangentially (Fig. 5) . Microscopic examination of radial longitudinal hand sections revealed consistently that these streaks were gas-filled wood structures within the water-saturated xylem. The different colours result from different refraction of light in gas-filled versus water-filled wood structures. The outer end of the streaks is always in contact with the cambial surface, i.e., with the natural atmosphere. No gravitational influence on the occurrence of the gas-filled spaces (upper or lower side of the log) was observed.
Early stages generally showed smaller streaks of only 0.5 mm in diameter and of only a few millimetres in depth from the cambium into the wood. The diameter of further developed streaks may reach 3 mm, and their length may reach up to about 40 mm, eventually throughout the sapwood (Figs. 1 and 3) . Microscopic examination showed that the border between gas-and air-filled spaces is formed by a fungal pseudoparenchymatous barrier (PPB, Fig. 2) , which partitions the whole series of tracheids without intercellular space (Figs. 2, 4 , 6, and 7). The fungal cell walls of the pseudoparenchymatous barrier remain hyaline. However, when penetrating as deep as the heartwood border, some pigmentation was observed in the periphery of the channels (Fig. 1) , which originates from pigmented hyphae of Armillaria.
In cross sections of logs, the gas-filled streaks are straight (Fig. 3) and of similar appearance, as in the radial sections. Their diameter tends to be smaller in the late wood than in the early wood (Fig. 3) . As in radial sections, the pseudoparenchymatous layer appears as a linear fungal element crossing the wood structure, occupying one or a few layers of tracheids (Fig. 4) .
In tangential view, the gas-filled streaks were visible as small white fusiform dots within the yellowish matrix of water-saturated wood (Fig. 5) . The microscopic view on tangential wood sections shows the cross section of these channels. The pseudoparechymatous barrier appears as a more or less circular structure, encircling one or several wood rays, in the case of Norway spruce, often including those with resin canals (Fig. 6) .
In wood samples with advanced decay, the diameter of gas-or air-filled spaces is larger; they seem to fuse, and their shape appears to be less straight (Fig. 1, right above) . There was a large amount of mycelium growing within the gasfilled spaces (Fig. 6) , and the tracheid cell walls have numerous small round holes of 1-2 µm in diameter caused by penetrating hyphae. These boreholes are enlarged subsequently. With increasing diameter, they tend to develop into rectangular perforations (RP, Figs. 7 and 8) . Furthermore, the rectangular perforations may fuse into each other developing a very conspicuous window-shaped form. They may reach more than 10 µm in diameter and are visible in tangential as well as in radial cell walls. Light microscopic examinations showed no significant differences between Norway spruce or silver fir in the formation of tubular air channels by Armillaria hyphae.
Based on the view of the different cutting planes, a threedimensional model of a tubular air channel was established (Fig. 9) . It represents the colonization of wood rays and the formation of a tubular pseudoparenchymatous shell around the rays, which separates the inner gas-filled space from the outer water-filled area.
Discussion
It has been clearly shown in this study that water-logged wood can be colonized by Armillaria spp. The essential partitioning occurs by specific fungal structures separating water-filled and gas-filled spaces. The latter may be directly connected with the natural atmosphere around the logs allowing oxygen to diffuse into the wood structure.
Generally, the destructive ability of wood decay fungi ceases under conditions of oxygen shortage (Metzler et al. 1993) . In particular, growth on lignin is highly oxygen dependent. Cwielong et al. (1993) have shown for Heterobasidion annosum that growth on lignin sulfonate steeply decreased to a level of 1.3% in an atmosphere containing 2% oxygen. In contrast, growth on glucose remained at 84% compared with normal atmospheric oxygen concentration. Earlier findings of Gundersen (1961) for H. annosum, of Scheffer (1986) for several wood-decaying fungi grown on malt agar, and of Hall and Leben (1985) for Polyporus compactus grown on wood blocks were supported.
Free water contains only a few parts per million of oxygen, and the rate of oxygen diffusion into water-saturated logs is very slow and insufficient to support destructive fungal activity (Zabel and Morrell 1992) . Therefore, watersaturated wood has been generally considered as resistant to fungal and insect attack, and continuous water spraying is used on a large scale for long-term preservation of stored high quality saw logs (Liese and Karstedt 1971; Groß and Metzler 1995) .
Armillaria mellea s.l. has been described by Hartig (1882) as being able to decay wood in utility poles of bridges or in wooden water pipelines under moist conditions. While rhizomorphic growth is reduced under lowered oxygen concentrations (Münch 1909; Smith and Griffin 1971; Rishbeth 1978) , Reitsma (1932) found evidence for oxygen transport mediated by rhizomorphs from aerobic to anaerobic com- Figs. 1-4 . Fig. 1 . Appearance of Picea abies sap wood infected by Armillaria sp. after splitting along the radial longitudinal plane. Radially orientated tubular air channels (TACs) appear as bright streaks (arrows) in water-saturated areas. They may reach from the cambial zone (upper end) down to the heartwood border (HW). Remnants of bark are visible at the upper end of the figure. Incipient fungal colonization with narrow air channels is visible on the left side; progressive stages with broader channels and brittle rotten wood appear on the right. Left margin, scale in millimetres. Fig. 2 . Radial longitudinal section cut through the margin of an air channel in Picea abies showing the pseudoparenchymatous barrier (PPB) of Armillaria across the tracheids in the vicinity of a xylem ray; see cross-field pits on the left, bordered pits on the right. Note the hyphal connection from the pseudoparenchymatous barrier (PPB) in the direction of the xylem ray (arrows); magnification × 450. Fig. 3 . Cross section through affected log of Picea abies with tubular air channels (TAC, arrows) formed by Armillaria in the water-saturated sapwood (heartwood, HW); natural size. Fig. 4 . Microscopic view of transverse section through xylem of Picea abies with fungal pseudoparenchymatous barrier (PPB); magnification × 400.
Figs. 5-8. Fig. 5 . Tangentially split sapwood affected by Armillaria; bright spots are the cross-section area of tubular air channels (TAC); magnification × 4. Fig. 6 . Tangential longitudinal section of affected Picea abies wood, crossing tubular air channel (TAC) (darker appearing area filled with air and Armillaria mycelium), note the partitioning pseudoparenchymatous barrier (PPB), the xylem ray with resin canal (RC), and the numerous hyphae growing in the air-filled space limited by the pseudoparenchymatous barrier (PPB); magnification × 110. Fig 7. Tangential longitudinal section through Picea abies sapwood; a tubular air channel is crosscut: Inflated hyphal cells forming an airtight pseudoparenchymatous barrier (PPB) around a group of xylem rays (XR); magnification × 180. Fig. 8 . Erosion of cell walls with rectangular perforations (RP) inside the tubular air channel (tangential section, Abies alba); magnification × 450. Fig. 9 . Three-dimensional representation wood of Abies alba invaded by Armillaria sp. which had formed a tubular air channel (brighter central area) around a xylem ray (XR) allowing oxygen to enter water-saturated wood (darker dotted peripheral area). Rectangular perforations (RP) of tracheid walls indicate progressive wood decay within the pseudoparenchymatous barrier (PPB); they further improve wood ventilation.
partments in agar culture. The extensive subcortical colonization of large log piles under water sprinkling can be explained by this fungal capability. However, the mechanism of oxygen provision within water-saturated wood was not understood until now. The focus of our study was to clarify the unique pattern of tubular air channels in watersaturated wood as a plausible structural explanation for oxygen supply, which allows Armillaria spp. to decay wood under the conditions of water saturation.
After examination of affected wood specimens, it is proposed that Armillaria spp. establish and maintain an air supply in water-saturated wood as follows:
(1) Armillaria hyphae radially penetrate from the cambium into xylem rays under anaerobic or microaerobic conditions (Groß and Metzler 1995) . This may be facilitated by readily available nutrients such as starch within the wood rays. (2) Hyphal growth from the wood rays outward into the xylem leads to the formation of a waterproof tubular "shell" formed by a pseudoparenchymatous barrier (Fig. 2) analogous to the pseudosclerotial plate (von Aufsess 1972; Greig and Strouts 1983) ; however, it remains colourless unlike the latter. (3) Incidentally produced carbon dioxide forces the water out of the cambial end of the tubular pocket. The generation of gaseous CO 2 may be accelerated by substrate acidification below pH 4.6 (Rypáek 1966; Metzler 1994) or by increasing atmospheric temperature. The different refraction of light from water-and from gasfilled spaces is responsible for the "pale yellow flecks" in the wood decayed by Armillaria (Morrison et al. 1991) . (4) Subsequently, atmospheric air is then able to diffuse radially from the surface into the newly formed tubular air channels. The radial arrangement of the tubular air channels is very efficient for exploiting the substrate. The oxygen now available facilitates lignin and wood decay and fosters further growth of Armillaria. The increasing number of hyphae as well as selective destruction of tracheidal walls give strong evidence of increased oxygen diffusion into this area. (5) In the course of progressive decay, tracheids of Abies alba and Picea abies show an increasing number of large rectangular perforations (RPs, Fig. 8 ). Intermediate forms between small round bore holes and larger RPs in tracheid walls indicate that the latter may have developed from small perforation holes. Evidently the efficiency of the ventilation system within an air channel is improved by these holes. (6) The gas-filled pith of outgrowing rhizomorphs may be continuous with tubular air channels (Metzler 1994 ). This provides additional possibilities for further oxygen supply into the water-saturated environment. Considerations about diffusion of oxygen within the tubular air channels: The tubular elements formed by fungal pseudoparenchymatous tissue are gas filled and they always end at the wood surface. The diffusion rate of a gas depends on its diffusion coefficient, its solubility in a carrier liquid, the prevailing temperature, and the concentration gradient. In comparison with water, the diffusion of oxygen in air is enhanced drastically (factor approx. 10 000; Schachtschabel et al. 1982; Richard 1992a) . In the literature the term "air channel" is used for spaces with convective (Di Julio and Drucker 2002) as well as for diffusive air flow in biological substrates (Padfield 1998; Richard 1992b) . The term "tubular air channels" is therefore appropriate for the gas-filled spaces in the logs investigated here.
The following questions remain to be clarified in the future: (a) Physicochemical details during extrusion of water from the channels should be measured histologically: Concentrations of carbon dioxide and its transition to the gaseous state under the influence of temperature and concentration of organic acids; oxygen concentration depending on the presence of tubular air channels; physical modelling of oxygen flow. (b) Functional tubular air channels tend to become progressively wider in diameter, encompassing an increasing volume of decaying wood. The mechanism of this extension, probably by formation of additional external layers of the pseudoparenchymatous barrier, should be studied. (c) The ability of Armillaria spp. to form tubular air channels in water-saturated wood seems to be a unique feature for exploiting wood under anaerobic conditions. However, there are some other basidiomycetes such as Hypholoma fasciculare (Huds.:Fr.) Kumm., H. capnoides (Fr.:Fr.) Kumm. (Zycha and Knopf 1963) , and Rigidoporus lineatus (Pers.) Ryvarden (Hood et al. 1997) with the ability to decompose wet wood, whose mechanism of oxygen provision is not yet elucidated.
